ABSTRACT We have studied the effect of the recA-dependent homologous recombination system of Escherichia coli on both Tn5-mediated cointegrate formation and Tn5 transposition. We demonstrate here that, whereas transposition of Tn5 is independent of the recA gene product (as has been shown by other workers), Tn5-mediated cointegrate formation is strongly dependent on recA. The structures of both the simple transpositionproducts and the cointegrates formed in a recA-background seem to be the same as those produced in a recA' background. These results provide strong evidence that Tn5 does not transpose via an obligate cointegrate intermediate and suggest that the recA effect on cointegrate formation is exerted during the process oftransposition.
Transposable genetic elements are capable of insertion into many distinct nonhomologous sites in the genomes of bacteria and phage. In addition, they are known to promote the fusion of replicons (cointegrate formation) and the formation of deletions and inversions of DNA (for recent reviews see refs. 1 and 2). It has been thought that most, ifnot all, ofthe recombination events induced by transposable elements are independent of homology-requiring recombination systems, first because the recombination events are between nonhomologous sequences, and second because transposition itself and several other transposition-related processes appear to occur with equal facility in wild-type cells and cells deficient in the recA gene product (3, 4) . [An exception to this recA independence has recently been reported for the transposition of Tn903 from phage A to the Escherichia coli chromosome (5) . ] Galas and Chandler (6) have proposed that transposable elements in bacteria can be largely classified into two groups. Certain elements, including Tn3 and y8 (TnlOOO), generate 5-basepair repeats in the target DNA on insertion and appear to form unstable cointegrates as obligate intermediates in transposition. These cointegrates consist of donor and recipient replicons delimited by two directly repeated copies of the transposable element. This class of element encodes a site-specific recombination system that promotes recombination between the two directly repeated copies of the element (resolution of the cointegrate), and generates, on recombination, a copy of the donor and a copy of the recipient replicon, now also carrying the transposon (7) (8) (9) (10) .
The second class ofelement, which includes Tn5, Tn9, TnlO, and Tn9O3, can be considered compound elements because they are composed of a region of DNA encoding an antibiotic resistance determinant flanked by two elements that are themselves independently transposable. Elements in this class generate 9-base-pair repeats in the target DNA on insertion. They are also. capable of fusing replicons. In contrast to cointegrate structures generated by the first class, those generated by Tn9 (11) and Tn5 - (12, 13) are quite stable. The stability of the cointegrates, together with the observation that cointegrate structures are, formed at a frequency lower than the transposition frequency in a recA-host (ref. 11; this work) has led us to propose that cointegrates are not obligate intermediates in the transposition ofthis second class ofelement. It seems likely that two pathways exist: one that leads to direct transposition and a second that results in replicon fusion.
Harshey and Bukhari (14) and Galas and Chandler (6) have proposed models of transposition that involve two pathways. We have suggested that the difference in the pathways.for the two classes ofelements lies in the final steps ofthe process: the Tn3-like elements form cointegrates whereas the compound elements have a strong preference for direct transposition but can also form cointegrates. The data that. we present here demonstrating that cointegrate formation by Tn5, but not transposition, is strongly dependent on the recA gene of the host provide support for models of transposition that postulate independent or branching pathways for direct transposition and cointegrate formation. The data suggest that Tn5 transposes almost entirely by a direct process. We argue further that it is likely that the recA-dependent step occurs during the process oftransposition rather than after the end products are separated. MATERIALS kanamycin (Km), 20 gg/ml; streptomycin (Sm), 20 ,ug/ml; tetracycline (Tc), 25 .g/ml; nalidixic acid (Nal), 35 pug/ml.
Plasmid. DNA Preparation. Plasmid DNA was prepared for analysis by the method of Clewell and Helinski (16) . For screening of plasmids, the method of Birnboim and Doly (17) was used.
Construction, of Tn5-KS. The Tn5 used in this construction was isolated on pBR322 as described (18) . We wished to insert the gene for SmR from R100 into the BamHI' site of Tn5 (Fig. 2) , within the IS50 elements (Fig. 1) . Digestion of the cointegrates with Bgl II (Fig. 2) showed that both 18.2 and 18.1 carry both fragments. While 18.2 carries these fragments in unimolar amounts, confirming the structure deduced from the BamHI digest (Fig. 3) (Figs. 1 and 2 ), and two extra Bgl II fragments. Analyses of internal heteroduplexes ("snapback" structures) in the electron microscope have confirmed the structure of these molecules as deduced from restriction analysis (data not shown).
RESULJTS
We have used the plasmid pBR322, the sequence of which has been fully determined, and an F-derived conjugal plasmid, pOX38 (27) , as donor or recipient replicons to detect Tn5-mediated cointegrate formation and transposition. The plasmids and the mating system have been described in refs. 11 and 13. The plasmid pBR322 is nontransmissible and nonmobilizable. It can, however, be transferred from cell to cell when fused with a conjugal plasmid (27) . Neither pOX38 nor pBR322 carries any known transposable elements, and transfer of pBR322 by pOX38 is an extremely rare event (see below). Introduction of a transposable element into either of the replicons, however, results in an increase of several orders of magnitude in the frequency of transfer of pBR322 by pOX38 (11, 13, 26, 28 Cointegrates between pOX38 and pBR322 are known to have an increased mating efficiency compared to pOX38 (11, 13, 30 Fig. 2 shows restriction enzyme digests of several ofthese. The relevant restriction sites in Tn5-KS are shown in Fig. 1 . The analysis of the plasmid structures is outlined in Materials and Methods and in Fig. 2 . The cointegrate structures determined are shown schematically in Fig. 3 . The cointegrates were oftwo kinds: 12 (recA+) and 18.2 (recA-) were simple cointegrates mediated by IS50-R, and 18.1 (recA-) was a more complex structure containing two copies of pBR322, two copies ofTn5-KS, and one extra copy of IS50-R. This latter structure was confirmed by electron microscopy. DISCUSSION The results presented here demonstrate that the frequency of cointegrate formation mediated by Tn5 is comparable to that oftransposition only in a recombination-proficient (recA+) host. In a recA-host the tranposition frequency remains unchanged and cointegrate formation is depressed to less than 1/100.
In the case of the 5-base-pair repeating element Tn3, the recA system plays a role in the transposition process only if the site-specific recombination system has been inactivated. Its role, however, is in the breakdown of the cointegrates by homologous recombination between the two directly repeated elements rather than in cointegrate formation. Cointegrates are formed equally well by Tn3 in the presence or absence of recA function but are stable only in its absence (8) . Our experiments with the 9-base-pair repeating element Tn9 (IS1) have shown that in the absence of recA function this element is capable of forming cointegrates at a frequency comparable to that oftransposition (not more than 10-fold less) rather than the 100-fold difference we observe with Tn5 (11). We think it likely, therefore, that Tn5 is somewhat different in its transposition properties from Tn9, even though the cointegrates it forms are as stable as those formed by Tn9/IS1 (13) .
There are several conceivable ways in which homologous recombination functions could exert an effect on cointegrate formation. The formation of the cointegrate could be a secondary event in which the original copy of Tn5-KS, on pBR322, recombines, using the homologous recombination system, with a copy ofthe element that has been tranposed onto pOX38. The results of Isberg and Syvanen (12) and of our previous study (13) in which we used a pOX38::Tn5 derivative to mediate formation ofcointegrate molecules with pBR322 argue against the possibility, however. Of the 23 independent cointegrates we analyzed (formed in a recA+ background) 9 were mediated by IS50-R and none by IS50-L-i. e., this element was never found as the junction element in a cointegrate. In this "post-transposition-recombination" hypothesis, transposition of one of the two IS50 elements to pBR322 would be expected to occur, followed by recombination with either ofthe two elements carried by pOX38::Tn5. Because cointegrates formed by homologous recombination with a transposed element should have no preference for one copy of IS50 or the other (they differ only by one Biochemistry: Hirschel et aL 4534 Biochemistry: Hirschel et aL or two base pairs in 1.5 kb) it would be very unlikely for the recombination to occur with IS50-R in each of the nine examples. Furthermore, the frequency of cointegrate formation in a recA' strain was found to be comparable to the frequency of transposition. This means that the homologous recombination between elements on separate plasmids would have to occur for almost all transposition events. We conclude that secondary homologous recombination events between completed transposition products cannot explain our results.
The data presented here appear to rule out the possibility that Tn5 transposes through a cointegrate intermediate pathway as proposed in some models oftransposition (8, 31) . This is because the frequency of transposition is unchanged when the recA background changes, whereas the cointegrate frequency changes dramatically. Ifthe cointegrates were intermediates, this would mean that they must be breaking down at a much higher rate in the recA-strains (about 100-fold), which they are known not to do (unpublished). We do not favor the hypothesis that the cointegrates arise by a direct transposition event of one copy of the plasmid from a dimer, but our data do not rule out the possibility.
If the cointegrates are the products of a pathway that can yield direct transpositions (6, 14) there are several ways that the recA function could exert an effect. One of these is that recA gene product interacts in some unknown fashion with the transposition apparatus to increase the fraction of products that are cointegrates. At present there is no precedent for this kind of an effect and no known way to test the hypothesis. A more attractive possibility is that the recA function exerts its effect during the process of transposition. Assume for the moment that the process of transposition for Tn5 always leads to a direct transposition ofthe element, as described by one branch ofthe model proposed in ref. 6 . Because during transposition the two copies of the element must be in close proximity, the recA system could mediate recombination between the two transposons during or just after the transposition replication step. At this step the elements may present a particularly good substrate for the recA system, being partially single stranded. If the normal process (unrecombined elements) yields a direct transposition, the altered process would yield a cointegrate. While we favor this hypothesis, we emphasize that it is far from proven. Alternatively, it is possible that the recA system is involved in the repair or rescue ofaborted or damaged transposition complexes in such a way as to increase the fraction of completed cointegrates or that the mediation is indirect through the participation of recA in the induction of SOS-like functions.
In a recent modification of his model Shapiro has proposed that direct transposition could occur by a recombination event during or just after replication (32) . Our results suggest that for Tn5 the mechanism is just the opposite: cointegrate formation rather than resolution may require a recombination event.
There are also several possible mechanisms that might explain the formation of the rare cointegrates in the absence of recA function. They could represent the normal products ofthe cointegrate formation branch of the transposition pathway proposed in the models of Harshey and Bukhari (14) and Galas and Chandler (6), or they could be the result of some residual recombination function in the recA-strain. An alternative and intriguing hypothesis is that they result from transposition replication that fails to terminate at the distal end of the element and continues all the way around pBR322::Tn5-KS and back into the element. In such a case, the direct transposition pathway yields a cointegrate structure. This possibility has been suggested by Grindley and Sherratt (33) and Harshey and Bukhari (14) and is implicit in our model (6) .
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